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Objective: An increased neural response to making mistakes has emerged as a potential biomarker of anxiety across
development. The error-related negativity (ERN) is an event-related potential elicited when people make mistakes on
simple laboratory-based reaction time tasks that has been associated with risk for anxiety. This study examined
whether the ERN prospectively predicted the first onset of generalized anxiety disorder (GAD) over 1.5 years in
adolescent girls. Methods: The sample included 457 girls between the ages of 13.5 and 15.5 years, with no history of
GAD. At baseline, the ERN was measured using a flankers task. Psychiatric history of the adolescent and biological
parent was assessed with diagnostic interviews, and the adolescent completed a self-report questionnaire regarding
anxiety symptoms. Approximately 1.5 years later, adolescents completed the same interview. Results: An increased
neural response to errors at baseline predicted first-onset GAD over 1.5 years. The ERN was a significant predictor
independent of other prominent risk factors, including baseline anxiety and depression symptoms and parental
lifetime psychiatric history. Jointly the ERN and social anxiety symptoms provided the greatest power for predicting
first-onset GAD. Conclusions: This study provides evidence for the utility of the ERN as a biomarker of risk for GAD
during a key developmental period. Keywords: Adolescence; anxiety; biomarkers; event-related potential.

Introduction
Generalized anxiety disorder (GAD) is a prevalent,
chronic, and often severe mental illness character-
ized by excessive worry and hypervigilance. Individ-
uals with GAD frequently over-utilize health care
resources and often experience substantial disability
in multiple domains (e.g., social, occupational, etc.)
across the life span (Wittchen, 2002). In the light of
the economic burden and degree of impairment
associated with GAD, this disorder constitutes a
significant public health problem. Prospective work
suggests that GAD often begins in late childhood or
early adolescence (Beesdo, Knappe, & Pine, 2009).
Given this, characterizing developmental trajectories
that lead to GAD may improve prevention and
intervention strategies.

Increasingly, research has begun elucidating the
development of core neural systems that underlie
clinical anxiety in an effort to map healthy versus
anxious trajectories (Pine, 2007). Identifying neural
biomarkers that co-occur with anxiety, as well as
predict the onset of anxiety may increase our under-
standing of the etiopathogenesis of clinical anxiety,
as well as increase our ability to implement preven-
tative strategies – before symptoms emerge and
become impairing. Considering evidence that treat-
ment earlier in the course of development of anxiety
disorders results in better long-term functioning
(Mancebo et al., 2014), early identification may be
particularly important. In addition, identifying early
biomarkers of risk may provide novel targets of

treatment for cognitive, behavioral, or pharmacolog-
ical approaches.

One promising biomarker of GAD is the error-
related negativity (ERN; Meyer, 2016). The ERN
reflects a burst of electrical activity that appears as
a sharp negative-going peak in the event-related
potential (ERP) waveform at fronto-central sites and
is elicited when people make mistakes on simple
laboratory-based reaction time tasks. The ERN has
been shown to be increased in anxious individuals in
over 40 studies to date (Moser, Moran, Schroder,
Donnellan, & Yeung, 2013). Moreover, the ERN
seems to be particularly increased in adults with
generalized anxiety disorder (GAD; Weinberg, Klein,
& Hajcak, 2012; Weinberg, Olvet, & Hajcak, 2010;
Xiao et al., 2011). An increased ERN is found in
clinically anxious populations, as well as individuals
who have undergone successful treatment who no
longer meet criteria for a clinical disorder (Hajcak,
Franklin, Foa, & Simons, 2008) – suggesting that a
potentiated ERN may be an underlying vulnerability
marker. Consistent with this proposition, healthy
individuals who have first-degree relatives with clin-
ical anxiety are characterized by an increased ERN
(Carrasco et al., 2013; Riesel, Endrass, Kaufmann,
& Kathmann, 2011). Then ERN appears to be trait-
like – demonstrating excellent test-retest reliability
for up to 2 years in adults (Weinberg & Hajcak,
2011) and in children and adolescents (Meyer,
Bress, & Proudfit, 2014). In addition, the ERN has
been shown to be between 45% and 60% heritable
(Anokhin, Golosheykin, & Heath, 2008). Collectively,
these findings suggest that an increased ERNmay be
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a heritable biomarker for GAD that may be useful in
characterizing developmental trajectories of risk.

Consistent with findings in adults, research in
developmental populations has found a potentiated
ERN in a heterogeneous group of clinically anxious
children and adolescents (Ladouceur, Dahl, Birma-
her, Axelson, & Ryan, 2006) and children with OCD
(Carrasco et al., 2013; Hajcak et al., 2008; Hanna
et al., 2012). Moreover, this relationship appears
early in the course of development – children as young
as 6 years old with anxiety disorders are character-
ized by an increased ERN (Meyer et al., 2013).

Source localization studies (Dehaene, Posner, &
Don, 1994; Mathalon, Whitfield, & Ford, 2003; van
Veen & Carter, 2002), as well as studies that
combine ERP and fMRI (Debener et al., 2005), sug-
gest the anterior cingulate cortex (ACC) as the
primary generator of the ERN. The ACC is a region
of the medial frontal cortex wherein information
about threat, punishment, and pain is assimilated to
modify behavioral output (Shackman et al., 2011).
Indeed, increased error-related ACC activity has also
been found among anxious individuals (Fitzgerald
et al., 2005; Paulus, Hozack, Frank, & Brown, 2002;
Ursu, Stenger, Shear, Jones, & Cameron, 2003),
suggesting that both ERP and fMRI methods are
capturing overlapping variance in error-related neu-
ral activity that is heightened in anxious individuals.

In the light of these findings, we have proposed a
model that an increased ERN (and error-related ACC
activity) among anxious individuals may reflect
increased sensitivity to the threat-value of errors.
That is, a large ERN may indicate that errors are
more aversive for these individuals. Indeed, errors do
prompt a series of physiological responses consis-
tent with defensive mobilization (e.g., skin conduc-
tance response, heart rate deceleration, potentiated
startle reflex, pupil dilation, corrugator muscle con-
traction, for review, see: Weinberg, Riesel, & Hajcak,
2012). This notion is consistent with data suggesting
that punishing errors in the lab potentiates ERN
magnitude (Riesel, Weinberg, Endrass, Kathmann, &
Hajcak, 2012), and work linking harsh parenting
styles to an increased ERN in offspring (Brooker &
Buss, 2014; Meyer, Proudfit et al., 2014). Further-
more, recent work has found that children charac-
terized by a large ERN also exhibit greater
potentiation of the startle response in the context of
aversive images, but not in the context of neutral or
pleasant images (Meyer, Glenn, Kujawa, Klein, &
Hajcak, 2016) – further linking the ERN to individual
differences in threat sensitivity.

Previous studies have found that among children
high in behavioral inhibition, an increased ERN
predicts anxiety symptoms later in development
(Lahat et al., 2014; McDermott et al., 2009). Fur-
thermore, we have extended this work and found
that children with an elevated ERN are particularly
prone to environmentally induced increases in anx-
iety symptoms – in a large sample of children who

experienced Hurricane Sandy, it was the children
who were high in temperamental fear and had an

increased ERN who displayed posthurricane symp-
tom increases (i.e., Hurricane Sandy; Meyer, Daniel-
son et al., 2017). Important to the validation of the
ERN as a biomarker of clinical anxiety, we have also
found that an increased ERN in 6 year old children
predicts the onset of new anxiety disorders 3 years
later, even when controlling for baseline anxiety
symptoms (Meyer, Hajcak, Torpey-Newman,
Kujawa, & Klein, 2015). Taken together, there is
accumulating evidence that an increased ERN early
in development confers risk for increases in anxiety
prospectively.

Thus far, all prospective studies examining the
ERN as a marker of risk have been completed in
young children (between the ages of 5 and 7).
However, the highest risk period for the onset of
many anxiety disorders, including GAD, is in ado-
lescence (Beesdo et al., 2009; Kessler et al., 2005).
Therefore, it is critical to examine the ability of the
ERN to delineate anxious trajectories during this
high-risk period. In this study, we sought to extend
previous work and examine whether an increased
ERN would confer risk for new-onset GAD during a
key risk period (between the ages of 13–15) in an
independent sample. We focus on females, who are
2–3 times more likely than males to develop an
anxiety disorder (Pine, Cohen, Gurley, Brook, & Ma,
1998; Wittchen, Nelson, & Lachner, 1998).

Current study

ERPs were recorded at a baseline assessment while
550 female adolescents performed a flankers task to
measure the ERN. Participants with a baseline
diagnosis of GAD were excluded from the study.
The ability of the ERN to predict the onset of GAD,
1.5 years later, was examined while controlling for
other risk variables (baseline anxiety and depression
symptoms, as well as parental history of psy-
chopathology). We hypothesized that an enhanced
ERN at baseline would predict the onset of GAD. To
examine specificity to anxiety, we also planned to
investigate whether the ERN predicted new-onset
depression. To determine whether the ERN had
incremental predictive value relative to other psy-
chosocial risk factors, we examined the sensitivity,
specificity, and positive and negative predictive value
for the development of first-onset GAD.

Methods
Participants

The overall sample was comprised of 550 adolescent females
between the ages of 13.5–15.5, M = 14.39, SD = 0.63. Overall,
80.5% of the sample was Caucasian and non-Hispanic and
57.8% of parents had a bachelor’s degree. Families were
initially recruited to the study via a commercial mailing list,
online posts, referrals, and community postings. To participate
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in the study, adolescents had to be fluent in English and have a
biological parent that was able to participate in the study.
Individuals were excluded from participation if they had an
intellectual disability or lifetime history of depression or
dysthymia because one of the main aims of the larger study
was to predict first-onset depression. Families were paid for
their participation. All participants gave consent/assent before
completing the study. The study was approved by the Stony
Brook University Institutional Review Board.

Participants were excluded from the present analyses if they
had a lifetime history of any clinically significant subthreshold
depression at baseline (i.e., Depression Not Otherwise Speci-
fied; n = 34); had a diagnosis of GAD at baseline (n = 21); were
missing diagnostic interview or self-report data at baseline or
the 1.5 year follow-up assessment (n = 30); did not complete
the flankers task, (n = 8), resulting in a final sample of 457
participants.

Measures

Adolescents’ psychiatric history was assessed with the Kiddie
Schedule for Affective Disorders and Schizophrenia for School-
Age Children, Present and Lifetime Version (K-SADS-PL;
Kaufman et al., 1997). At the Time 2 assessment, approxi-
mately 1.5 years later, the K-SADS-PL was re-administered to
assess potential changes in diagnostic status. This study
focuses on new-onset cases of GAD (N = 27). To determine
reliability of GAD diagnosis, 44 K-SADS-PL interviews were
audio recorded and scored by a second rater. The interrater
reliability was excellent (kappa = .9).

The Structured Clinical Interview for the DSM-IV (SCID) was
used to assess parental lifetime history of psychopathology
(First et al., 1995). At baseline (Time 1), the SCID was
administered to the biological parent that accompanied the
adolescent (93.9% mothers). To determine reliability of diag-
noses, 25 SCID interviews were audio recorded and scored by a
second rater. As previously reported (Nelson, Perlman, Klein,
Kotov, & Hajcak, 2016), interrater reliability was acceptable,
kappa values ranged from 0.62 (generalized anxiety disorder)
to 1.00 (dysthymia).

Adolescent anxiety and depression symptoms were assessed
using the expanded Inventory of Depression and Anxiety
Symptoms (IDAS-II; Watson et al., 2012). Self-reported symp-
toms were rated for the past 2 weeks, ranging from 1 (not at all)
to 5 (extremely). The IDAS-II is a 99 item, factor-analytically
derived, inventory of empirically distinct dimensions of anxiety
and depression. This study focuses on the anxiety subscales:
dysphoria, panic, social anxiety, claustrophobia, traumatic
intrusions, traumatic avoidance, checking, ordering, and
cleaning. Scales were computed as average response to items
if no more than 15% of items were skipped.

Procedure

In this study, we focus on the baseline (Time 1) predictors
including: the IDAS-II anxiety and depression symptoms,
adolescent diagnoses from the KSADS, parent depression
and anxiety diagnoses from the SCID, and error-related neural
activity. At Time 2, adolescents completed the KSADS interview
again to assess for changes in psychiatric diagnoses.

Flankers task. To measure error-related neural activity,
participants completed an arrowhead version of the flankers
task (Eriksen & Eriksen, 1974) while EEG was recorded. On
each trial, horizontally aligned arrowheads were presented for
200 ms, followed by an intertrial interval (ITI) varying ran-
domly between 2,300 and 2,800 ms. Half of the trails were
compatible (‘>>>>>’ or ‘<<<<<’) and half were incompatible
(‘<<><<’ or ‘>><>>’); the order of trials was randomly deter-
mined. Participants were told to press the right mouse button if

the center arrow was facing to the right and to press the left
mouse button if the center arrow was facing to the left. After a
30 trial practice block, participants completed 11 blocks of 30
trials (330 trials). Each block was initiated by the participant
and participants received feedback based on their performance
at the end of each block. If performance was 75% correct or
lower, the message ‘Please try to be more accurate’ was
displayed; if performance was above 90% correct, the message
‘Please try to respond faster’ was displayed; otherwise the
message ‘You’re doing a great job’ was displayed.

Psychophysiological recording, data reduction,
and analysis. Continuous EEG recordings were collected
using an elastic cap and the ActiveTwo BioSemi system
(BioSemi, Amsterdam, the Netherlands). Thirty-four electrode
sites were used, based on the 10/20 system, in addition to two
electrodes on the right and left mastoids. Eye blinks and eye
movements (electrooculgram, EOG) were recorded using four
facial electrodes: vertical eye movements and blinks were
measured via two electrodes place approximately 1 cm above
and below the right eye and horizontal eye movements were
measured via two electrodes located approximately 1 cm
outside the outer edge of the right and left eyes. The EEG
signal was pre-amplified at each electrode to improve the
signal-to-noise ratio and amplified with a gain of 19 by a
BioSemi ActiveTwo system. The data were digitized at 24 bit
resolution with a sampling rate of 1,024 Hz, using a low-pass
fifth order sinc filter with a half-power cut-off of 102.4 Hz.
Each active electrode was measured online with respect to a
common mode sense (CMS) active electrode producing a
monopolar (nondifferential) channel. Offline, the data were
referenced to the average of the right and left mastoids, and
band-passed filtered with low and high cut-offs of 0.1 and
30 Hz, respectively. To detect and reject artifacts, we used an
automatic procedure for all segmented data: with criteria of a
voltage step of more than 50.0 lV between sample points, a
maximum voltage difference of <.50 lV within any 100 ms
interval, and a voltage difference of 300.0 lV within a trial.
These intervals were rejected from individual channels within a
trial. Eye-blink and ocular corrections were conducted per
Gratton, Coles, and Donchin (1983).

EEG activity was segmented for error and correct responses,
500 ms before the response, continuing 1,000 ms following
the response (i.e., 1,500 ms epochs). Error and correct trials
were averaged separately. The mean activity in a 200-ms
window from �500 to �300 ms prior to the response served as
the baseline and was subtracted from each data point. For
each participant, the ERN was quantified as the average
activity from 0 to 100 ms after error commission, at FCz,
where error-related activity was maximal. In addition, the
correct response negativity (CRN) was quantified in the same
time window at FCz, after correct responses. To isolated error-
specific brain activity, analyses focused on the DERN –
quantified as the ERN minus the CRN.

Behavioral measures include the number of error trials for
each participant, as well as reaction time (i.e., RT) on error and
correct trials. Post-error RT was calculated as the average
reaction time following error trials for each participant. Trials
were removed from analyses if reaction times were faster than
200 ms or slower than 1,000 ms.

All statistical analyses were conducted using SPSS (Version
22.0, IBM Corp., Armonk, NY) General Linear Model software,
with Greenhouse-Geisser correction applied to p values with
multiple-df when necessitated by violation of the assumption
of sphericity. Pearson correlation coefficients were used to
examine relationships between behavioral data, error-related
brain activity, and all anxiety and depression IDAS symptoms.
All study variables were standardized for regression analyses.
A logistic regression was used to examine whether error-
related brain activity predicted the first onset of GAD from
Time 1 to Time 2. We also conducted a follow-up simultaneous
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logistic regression to examine whether the DERN uniquely
predicted the onset of anxiety disorders when controlling for all
significant baseline adolescent anxiety and depression symp-
toms, as well as parental history of psychopathology.

In addition, follow-up analyses were conducted in which
adolescents with any baseline anxiety disorders were removed
from the sample, and a simultaneous logistic regression was
again used to examine the unique ability of the DERN to predict
the first onset of GAD, while controlling for other significant
risk factors. To examine the specificity of the relationship
between the DERN and anxiety, we also conducted a simulta-
neous logistic regression predicting the onset of depression.

Receiver operating characteristic curve (ROC) analyses were
conducted to determine area under the curve, sensitivity, and
specificity for baseline predictors in relation to GAD onset
between Time 1 and 2. Error-related brain activity and baseline
symptoms are continuous measures. To accommodate this,
multiple sensitivity and specificity valueswere calculated based
on a range of cut-off scores (+2.0, +1.5, +1.0, and +0.5 SD above
the mean). In addition, values were also calculated when using
error-related brain activity and baseline symptoms in parallel,
using an ‘or’ and an ‘and’ approach (Weinstein, Obuchowski, &
Lieber, 2005). Parallel testing using the ‘or’ approach was
calculated using the following formulas: sensitiv-
ity = (A)SEN + (B)SEN � [(A)SEN 9 (B)SEN] and specificity =
(A)SPEC 9 (B)SPEC. Parallel testing using the ‘and’ approach was
calculated using the following formulas: sensitivity = (A)SEN 9

(B)SEN and specificity = (A)SPEC + (B)SPEC � [(A)SPEC 9

(B)SPEC]. The combined sensitivity and specificity values were
then used to calculate the combined positive and negative
predictive values.

Results
Behavioral data

Across the sample, accuracy was 86.6%, SD = 5.93.
Overall, participants were faster on error trials,
M = 357.89 ms, SD = 56.92, than on correct trials,
M = 446.79 ms, SD = 63.27, F(1, 444) = 2222.62,
p < .001. Consistent with previous studies (Rabbitt,
1966), participantswere slower on trials that followed
error trials, M = 456.48, SD = 79.19, compared to
trials that followed correct trials, M = 431.67,
SD = 62.19, F(1, 444) = 186.85, p < .001. Behavioral
variables did not correlate with any of the IDAS
symptom measures or GAD status.

Error-related brain activity

Overall, the ERP response was more negative on
error trials, M = 2.53, SD = 8.87, compared to cor-
rect trials, M = 5.40, SD = 6.64, F(1, 456) = 88.29,
p < .001. At the second assessment, 27 participants
(5.9%) experienced first-onset GAD. Average ERP
values for the GAD and No GAD groups are pre-
sented in Table 1. As can be seen in Figure 1, an
increased DERN at the baseline assessment pre-
dicted an increased likelihood of developing first-
onset GAD 18-months later, odds ratio = 0.64,
p < .05, 95% CI: 0.42–0.99.1 ,2

Adolescents who developed GAD by Time 2 were
alsocharacterizedby increaseddysphoria,F(1, 442) =
15.52, p < .001, panic, F(1, 442) = 7.56, p < .01,
social anxiety, F(1, 442) = 27.33, p < .01, traumatic

intrusions, F(1, 442) = 7.51, p < .01, traumatic
avoidance, F(1, 442) = 4.08, p < .05, and checking,
F(1, 442) = 7.37, p < .01, symptoms at Time 1 (means
and standard deviations for both groups are pre-
sented in Table 1). Parental history of any anxiety
disorder did not confer risk for the development of
GAD in adolescents, v²(1) = 2.36, p = .12. In addition,
parental history of GAD did not confer risk for the
development of GAD in adolescents, v²(1) = 1.84,
p = .17. However, offspring with a parental history of
depression were more likely to have GAD by Time 2,
v²(1) = 5.01, p < .05.

To examine the independent ability of these factors
to predict increases in anxiety, all significant risk
factors were standardized and entered as simulta-
neous predictors in a logistic regression predicting
the onset of GAD. As can be seen in Table 2, results
suggested that baseline social anxiety symptoms
and the DERN uniquely predicted the onset of GAD
at Time 2. These results suggest that a potentiated
DERN prospectively predicts the first onset of a GAD
diagnosis independent of other risk factors (i.e.,
baseline dysphoria and anxiety symptoms, as well
as parental history of depression).

In the study sample, adolescents were excluded if
they met criteria for GAD at Time 1. However, some
participants met criteria for other anxiety disorders
at Time 1 (obsessive-compulsive disorder, N = 6;
panic disorder, N = 4; separation anxiety disorder,
N = 9; social anxiety disorder, N = 40; specific pho-
bia, N = 58; anxiety disorder not otherwise specified,
N = 24). When we removed adolescents with any
anxiety disorder at baseline, 14 adolescents experi-
enced a new-onset GAD at Time 2 and the overall

Table 1 Means and standard deviations of clinical variables
and error-related brain activity, for children who did (general-
ized anxiety disorder, GAD) and did not (No GAD) develop
generalized anxiety disorder between the Time 1 and Time 2
assessment

GAD (N = 27)
No GAD
(N = 430)

Time 1 clinical variables
Dysphoria 2.17 (.89)* 1.59 (.69)*
Panic 1.62 (.91)* 1.31 (.52)*
Social anxiety 2.56 (1.17* 1.70 (.80)*
Claustrophobia 1.52 (.91) 1.35 (.70)
Traumatic intrusions 1.74 (.94)* 1.36 (.66)*
Traumatic avoidance 2.17 (.83)* 1.78 (.96)*
Checking 2.29 (1.02)* 1.77 (.93)*
Ordering 1.85 (.83) 1.71 (.77)
Cleaning 1.57 (.58) 1.44 (.66)
Parental anxiety 53.85% 38.61%
Parental generalized
anxiety disorder

0.03% 0.08%

Paternal depression 40.74%* 23.07%*
ERPs (lV)
ERN 0.47 (8.07) 2.66 (8.91)
CRN 5.67 (6.71) 5.38 (6.65)
ΔERN �5.20 (6.27)* �2.72 (6.51)*

*p < .05.
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pattern of results remained the same. The DERN
predicted the onset of GAD, odds ratio = 0.49,
p < .05, 95% CI: 0.26–0.90.

To examine the specificity of the relationship
between the DERN and anxiety, we also examined
whether the DERN would predict the onset of depres-
sion. Between the Time 1 and Time 2 assessment, 49
girls experienced a first-onset depressive disorder.
However, the DERN did not predict the onset of
depression, odds ratio = .97, p = .86, 95% CI: .0.72–
1.32, suggesting its relationship is specific to anxiety.

Table 3 depicts results from the ROC curve analy-
sis, focusing on the two unique predictors that
emerged in the simultaneous logistic regression –
social anxiety symptoms and the DERN. Area under
the curve, sensitivity, and specificity values are
included for a range of cut-off scores (+2.0, +1.5,
+1.0, and +0.5 SD above the mean) for the DERN and
social anxiety symptoms in predicting the onset of
GAD between Time 1 and Time 2. At the values
presented, both the DERN and social anxiety symp-
toms provide high specificity, but relatively low sen-
sitivity in predicting GAD status. To examine the
additive predictive value of the DERN over social
anxiety symptoms in predicting the onset of GAD, we
examined their combined performance when applied

in parallel, in two different ways. First, we examined
the predictive ability of parallel testing using an ‘or’
approach – if either test is positive, then the condition
is present (Weinstein et al., 2005). In this case, a
positive test for social anxiety symptoms or a positive
test for theDERNwould indicate the onset of GAD (i.e.
parallel ‘or’). After this, we examined the predictive
ability of parallel testing using an ‘and’ approach – if
both tests are positive, then the condition is present
(Weinstein et al., 2005). In this case, a positive test for
social anxiety and a positive test for the DERN would
indicate the onset ofGAD (i.e. parallel ‘and’). As canbe
seen in Table 4, parallel testing using the ‘or’ method
increased sensitivity, but decreased specificity, espe-
cially when using a low cut-off score for the DERN and
social anxiety symptoms. There was minimal change
in positive and negative predictive value. In contrast,
parallel testing using the ‘and’ method increased
specificity, but decreased sensitivity, especially when
using a high cut-off score for the DERN and social
anxiety symptoms. Notably, parallel testing using the
‘and’ approach resulted in a significant increase in
positive predictive value, such that an individual with
a positive screen using thismethod – i.e. has anDERN
more than 2.0SD above themean (more negative than
�15.8 lV) and social anxiety symptoms more than
1.5 SD above the mean (greater than 3.03) – has a
72.0% probability of experiencing the subsequent
onset of GAD. At a cut-off of 1.5 SD above the mean,
social anxiety symptoms alone have a positive pre-
dictive value of 22.5%; thus, the addition of the DERN
resulted in 3.2-fold increase in predictive power.

Discussion
This study is the first demonstration that increased
error-related brain activity has clinical utility in
predicting the onset of anxiety disorders during a
critical risk period (adolescence in females). In a
sample of 457 adolescent females with no history of
generalized anxiety disorder, increased error-related
brain activity predicted first-onset of GAD 1.5 years
later. Moreover, the ERN predicted the onset of GAD
even when controlling for other better established
risk factors – baseline adolescent anxiety and

Figure 1 Waveforms are presented for error and correct trials, as well as the difference (error minus correct) at electrode FCz for the
generalized anxiety disorder (GAD) group (i.e., adolescents who experienced first-onset GAD; on the left) and the No GAD group (i.e.,
adolescents who did not experience a first-onset GAD; on the right)

Table 2 Logistic Regression in which Time 1 adolescent
depression and anxiety symptoms, parental depression, as
well as Time 1 error-related neural activity are entered simul-
taneously predicting the onset of generalized anxiety disorder
(GAD) between the Time 1 and Time 2 assessment

New-onset GAD

B Wald OR (95% CI)

Constant �2.75 47.10
Dysphoria .35 1.11 1.42 (0.74, 2.73)
Panic �.15 0.27 0.86 (0.549, 1.52)
Social Anxiety .79 8.97 2.19 (1.31, 3.66)**
Traumatic Intrusions �.22 0.53 0.81 (0.45, 1.44)
Traumatic Avoidance .05 0.04 1.06 (0.64, 1.74)
Checking �.01 0.00 0.99 (0.61, 1.61)
Parental Depression �.69 2.37 0.50 (0.21, 1.21)
DERN �.50 3.73 0.61 (0.37, 1.01)*

Overallmodel:R2 = .18 (Nagelkerke).Modelv2 = 27.88,p < .01.
*p < .05; **p < .01.
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dysphoric symptoms, as well as parental history of
psychopathology. In addition, the ERN provided
incremental positive predictive value for new-onset
GAD when applied in combination with baseline
social anxiety symptoms, the only uniquely signifi-
cant clinical predictor; together, the predictors had
an overall positive predictive value of 72.0%. Con-
sidering the potential utility of identifying biomark-
ers of risk during critical risk periods, this is a novel
and important extension of previous work linking
ERN and risk for anxiety prospectively (Lahat et al.,
2014; McDermott et al., 2009; Meyer et al., 2015).

In the light of the fact that the ERN continues to be
elevated in children with OCD after successful symp-
tom reduction (Hajcak et al., 2008), is increased in
healthy relatives of individualswith anxiety (Carrasco
et al., 2013; Riesel et al., 2011), is stable across
development (Meyer, Bress et al., 2014), predicts the
onset of anxiety disorders in young children (Meyer
et al., 2015), and, in this study, during a critical risk
period in adolescent females – the ERN may be
considered a developmental biomarker of risk for
anxiety. Moreover, in this study, the predictive power
of the ERN demonstrated specificity – delineating
anxiousversusdepressive trajectories, aswell asGAD
versus other forms of new-onset anxiety disorders. In
addition, the ERN has been shown to be heritable
(Anokhin et al., 2008), and linked to specific genetic
polymorphisms (Manoach & Agam, 2013; Meyer
et al., 2012) – making it a potential endophenotype
for anxiety disorders (Olvet & Hajcak, 2008).

This study is the first, to our knowledge, to
demonstrate that the ERN can predict the onset of
GAD during adolescence and may thus facilitate
identification of at-risk individuals in a critical
vulnerability period. This finding has implications
for the clinical utility of the ERN, such that the ERN

is not only useful in early childhood, but also across
development, in identifying individuals who are at
risk of anxiety disorders. Importantly, this study
examined the use of the ERN, in conjunction with
baseline anxiety symptoms, using ROC curve anal-
ysis. A decision-making algorithm requiring a posi-
tive score on either the ERN or IDAS social anxiety
scale had moderate sensitivity (67.1%) and speci-
ficity (64.6%) using a cut-off score of +2.0 SD for the
ERN and +0.5 SD for social anxiety symptoms. An
algorithm using an ‘and’ rule such that girls were
counted as positive if they met a threshold of +2.0 SD

for the ERN and a threshold of +1.5 SD for social
anxiety symptoms was even more effective, exhibit-
ing good positive predictive value (72.0%) and excel-
lent negative predictive value (94.3%). Thus,
addition of the ERN to baseline social anxiety symp-
toms, resulted in significantly increased predictive
power, suggesting that this potential biomarker has
unique clinical utility. It should be noted, however,
that even in this sample, very few adolescents would
have actually presented as a positive (having a + 2.0
SD for ERN and a threshold of +1.5 SD for social
anxiety symptoms). Future work is needed to identify
more risk markers that can be utilized to create a
more robust risk algorithm.

This study begins to lay the groundwork for
identifying values of the ERN that may indicate risk
for anxiety. This is a necessary first step toward the
development of an ERN evaluation with clinical
application. Furthermore, because the magnitude
of the ERN increases across development (Davies,
Segalowitz, & Gavin, 2004; Tamnes, Walhovd,
Torstveit, Sells, & Fjell, 2013), it will be important
for future work to identify age-appropriate norms by
which risk can be evaluated. For example, in our
previous study, we found that an increased ERN in
6-year old children predicted the onset of anxiety
disorders by age 9. Due to developmental changes in
the ERN, the cut-off scores that could be derived
from that study would not be applicable to an
adolescent population. For example, it will be nec-
essary to determine if a 14-year old has an increased
ERN relative to other 14 year olds. Thus, this study
is useful in beginning to define clinical cut-off scores
for the ERN in adolescents.

In this study, an increased ERN predicted first
onsets of GAD, but did not predict the onset of
depressive disorders. Although anxiety and depres-
sion are among the most frequently comorbid psy-
chological disorders (Kessler et al., 2005), the ERN
appears to differentiate between them. We previously
found that among a group of individuals with GAD,
individuals with comorbid GAD and MDD, and
controls, only the GAD group was characterized by
an enhanced ERN (Weinberg, Klein et al., 2012).
Similarly, we found that anxiety, but not depression
symptoms, relate to an increased ERN in two sepa-
rate developmental samples (Bress, Meyer, & Haj-
cak, 2015; Weinberg et al., 2016). Indeed, other

Table 3 Sensitivity, specificity, positive predictive value, and
negative predictive value for baseline assessment measures
predicting new-onsetGADat the 1.5 year follow-up assessment

Baseline
assessment AUC SEN SPEC PPV NPV

DERN 0.60 +2.0 SD 11.1 98.4 30.3 94.6
+1.5 SD 11.1 95.8 14.2 94.5
+1.0 SD 22.2 86.5 9.3 94.7
+0.5 SD 40.7 70.2 7.9 95.0

Social anxiety
symptoms

0.73 +2.0 SD 25.9 94.8 23.8 95.3
+1.5 SD 37.0 92.0 22.5 95.9
+1.0 SD 44.4 85.7 16.3 96.1
+0.5 SD 63.0 65.6 10.3 96.6

The DERN was converted to a positive number, such that more
positive values indicated enhanced error-related brain activity
to better compare it with other risk measures. Receiver
operating characteristic (ROC) curve analyses were conducted
to determine area under the curve, sensitivity, and specificity
values. The table includes values for a range of cut-off scores
for the continuous DERN and social anxiety symptoms.
AUC, area under the curve; GAD, generalized anxiety disorder;
SEN, sensitivity; SPEC, specificity; PPV, positive predictive
value; NPV, negative predictive value.
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work has found a blunted ERN in clinically
depressed children (Ladouceur et al., 2012), as well
as children at risk for depression (i.e. children with a
maternal history of chronic depression; Meyer,
Bress, Hajcak, & Gibb, 2016). Taken together, these
findings suggest the ERN may be a viable biomarker
that can distinguish anxiety from depression.

Moreover, results from this study suggest that the
ERN predicts new-onset GAD, but not any other
anxiety disorder. Considering previous work linking
theERN toa range of anxietydisorders in children and
adolescents (Meyer, 2017), this finding is surprising.
While some previous work suggests the ERN predicts
heterogeneous clinical anxiety (Meyer et al., 2015), no
work has focused on the developmental period
between theagesof13–15. It ispossible that increased
risk for GAD is particularly linked to the ERN during
this developmental period. Future work should
explore whether the ERN relates to risk for anxiety
differentially across different periods of development.

The current investigation examined one neural
risk marker, in the context of baseline symptoms
and parental history of psychopathology. Future
work could combine the ERN with other measures
that may confer risk for anxiety – for example, other
EEG measures, along with fMRI measures, genes,
life stress, cognitive vulnerabilities, executive func-
tioning, cortisol reactivity, startle potentiation,
attentional biases, fear learning, or social function-
ing to identify constellations of risk markers that
may confer the best predictive ability. Once new

prospective risk markers are established, the next
step is to begin adapting them for clinical use (e.g.
standardizing paradigms, shortening tasks, devel-
oping norms, examining psychometric properties,
developing clinical cut-off scores), with the goal of
developing a multidimensional assessment with
superior diagnostic or predictive power.

Moving beyond diagnostic concerns, an intriguing
possibility is that the ERN may serve as a novel
target for treatment and prevention efforts. It
appears that the ERN is enhanced before symptoms
become impairing, thereby providing a potentially
malleable target for prevention. Indeed, environmen-
tal influences have been found to impact ERN
magnitude. For example, in the lab, punishing errors
(with a loud noise) potentiates the ERN – an effect
that persists for at least a week after punishment
ends (Riesel et al., 2012). Similarly, both observed
and self-reported harsh parenting relates to an
enhanced ERN in offspring – and the magnitude of
the ERN mediates the relationship between parent-
ing and anxiety disorders in children (Meyer, Proud-
fit et al., 2014). We are currently following up on
these findings to determine if intervention strategies
focusing on parenting styles may alter children’s
ERNs and thereby anxiety symptoms. In addition to
this, in one study we found that participants who
completed an attention bias modification (ABM)
training displayed a reduced ERN (Nelson, Jackson,
Amir, & Hajcak, 2015). Ongoing research in a large
sample of adolescents is currently underway to

Table 4 Sensitivity, specificity, positive
predictive value, and negative predictive
value for adolescent baseline error-related
brain activity and social anxiety symptoms
predicting new-onset GAD at the 1.5 year
follow-up assessment and applied in par-
allel using an ‘or’ rule and using an ‘and’
rule

Baseline assessment Applied in parallel ‘or’ Applied in parallel ‘and’

DERN
Social anxiety
symptoms SEN SPEC PPV NPV SEN SPEC PPV NPV

+2.0 SD +2.0 SD 34.2 93.3 24.2 95.8 2.8 99.9 63.7 94.3
+2.0 SD +1.5 SD 44.0 90.5 22.5 96.3 4.1 99.9 72.0 94.3
+2.0 SD +1.0 SD 50.6 84.3 16.8 96.5 4.9 99.8 60.6 94.4
+2.0 SD +0.5 SD 67.1 64.6 10.6 96.9 6.9 99.4 41.9 94.4
+1.5 SD +2.0 SD 34.1 88.1 15.2 95.5 2.9 99.7 37.7 94.3
+1.5 SD +1.5 SD 44.0 88.2 18.9 96.2 4.1 99.7 46.1 94.3
+1.5 SD +1.0 SD 50.6 82.1 15.1 96.4 4.9 99.4 33.9 94.3
+1.5 SD +0.5 SD 67.1 62.8 10.2 96.8 7.0 98.6 23.9 94.4
+1.0 SD +2.0 SD 42.4 82.0 12.9 95.8 5.7 99.3 33.8 94.4
+1.0 SD +1.5 SD 51.0 79.6 13.6 96.3 8.2 98.9 31.9 94.5
+1.0 SD +1.0 SD 56.7 74.1 12.1 96.5 9.9 98.1 24.6 94.6
+1.0 SD +0.5 SD 71.2 56.7 9.3 96.9 14.0 95.4 16.0 94.7
+0.5 SD +2.0 SD 56.1 66.5 9.5 96.0 10.5 98.5 30.5 94.6
+0.5 SD +1.5 SD 62.6 64.6 10.0 96.5 15.1 97.6 28.3 94.8
+0.5 SD +1.0 SD 67.0 60.2 9.5 96.7 18.1 95.7 20.9 94.9
+0.5 SD +0.5 SD 78.1 46.1 8.3 97.1 25.6 89.7 13.5 95.1

The DERN was converted to a positive number, such that more positive values
indicated enhanced error-related brain activity to better compare it with other risk
measures. Receiver operating characteristic (ROC) curve analyses were conducted to
determine area under the curve, sensitivity, and specificity values. The table includes
values for a range of cut-off scores for the continuous DERN and social anxiety
symptoms. In parallel testing, using the ‘or’ rule, if either test is positive, then the
disease is present. In parallel testing, using the ‘and’ rule, if both tests are positive,
then the disease is present.
AUC, area under the curve; GAD, generalized anxiety disorder; SEN, sensitivity;
SPEC, specificity; PPV, positive predictive value; NPV, negative predictive value.
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determine if multiple ABM training sessions can
reduce the ERN and thereby risk for anxiety.
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Notes

1. Recent work suggests that regression-based dif-
ference scores may be utilized as an alternative to
subtraction-based difference scores (Meyer, Lerner,
De Los Reyes, Laird, & Hajcak, 2017). In the current
investigation, we focus on a subtraction-based dif-
ference score (i.e. the ΔERN). However, the pattern of
results is the same when using a regression-based
difference score: the residualized ERN predicts new-
onset GAD, odds ratio = .64, p < .05, 95% CI: 0.42–
0.96.
2. In addition, it should be noted that, at the second
assessment, 51 participants experienced first-onset
social anxiety disorder, 0 participants experienced
first-onset OCD, 15 participants experienced first-
onset panic disorder, 64 participants experienced
first-onset specific phobia, and 33 experienced first-
onset separation anxiety. However, the DERN at the
baseline assessment did not significantly predict an
increased likelihood of developing any of these
anxiety disorders, all ps > .10.
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